ondary to outlet obstruction and detrusor overactivity. Although the macroscopic changes that occur in the bladder wall exposed to pathologic stimulation have been appreciated for many years, the signals that underlie tissue remodeling at the molecular level are still poorly understood. As part of the normal cycling between full and empty states, the bladder wall is exposed to global mechanical and neural inputs, as well as local stimulation from growth factors, cytokines and the extracellular matrix (ECM). Aberrant activity of any of these stimuli leads to structural and functional changes that promote not only bladder dysfunction, but upper urinary tract damage as well. This review will focus on recent advances in our understanding of the effects of bladder smooth muscle stimulation on intracellular signaling ( fi g. 1 a), and how these events may be targeted therapeutically ( fi g. 1 b).
, and the phosphoinositide-3-kinase (PI3K)/Akt pathway [3] . Signal transduction induced by mechanical stimulation of bladder SMC was reviewed recently [2] , and will not be considered in extensive detail here.
To defi ne a mechanistic link between stretch stimulation and growth of bladder SMC, investigators have evaluated expression of known SMC mitogens and other growth-regulatory proteins using a combination of in vitro, in vivo and ex vivo models of mechanical stimulation. Collectively, these studies have identifi ed several stretch-regulated genes including insulin-like growth factor-1, heparin-binding EGF-like growth factor, nerve growth factor, COX-2 and the cysteine-rich protein Cyr61 [2, 4] . A recent genome-wide analysis of gene expression in human bladder SMC exposed to cyclic stretch-relaxation in vitro showed that less than 0.2% of the expressed genome in bladder SMC was mechanically responsive [5] , consistent with a highly selective cellular response to mechanical stimulation.
Cell surface receptors are also activated by mechanical forces. Nguyen et al. [6] demonstrated rapid activation of the epidermal growth factor receptor (EGFR)-related re- ) entry promotes calmodulin (CaM) binding and activation of myosin light chain kinase (MLCK), leading to MLC phosphorylation and initiation of smooth muscle contraction. MLC phosphatase (MLCP)-induced relaxation is inhibited by Rho-associated kinase (ROCK). ROCK is activated by Rho-GTP. Ca 2+ infl ux also activates calcineurin (Cn), leading to dephosphorylation and nuclear translocation of transcription factors (TF). RTK activation in response to ligand binding or mechanical stimuli promotes activation of the mitogen-activated protein kinases (MAPKs) Erk, p38 stress-activated protein kinase 2 (SAPK2) and c-jun N-terminal kinase (JNK), and Akt. These signaling intermediates in turn promote activation and nuclear translocation of TF, and alterations in gene expression. Activation of GPCRs also stimulates kinase cascades.
Signal Transduction in Bladder Muscle
Nephron Exp Nephrol 2006;102:e1-e7 e3 ceptor ErbB2 in bladder SMC exposed to stretch in vitro, and also implicated signaling through the angiotensin II type I receptor in stretch-stimulated gene expression The platelet-derived growth factor (PDGF) signaling axis has also been identifi ed as a potent activator of DNA synthesis in bladder SMC [3, 7] In a comparative analysis, stretch and PDGF were both found to activate the PI3K/ Akt and p38 SAPK2 cascades in bladder SMC, and DNA synthesis induced by both agonists was attenuated in the presence of pharmacologic inhibitors of PI3K and p38 [3] . Although the expression of PDGF in the urinary tract remains undefi ned, studies of vascular SMC indicate that the PDGF receptor can be activated by mechanical stimuli in a ligand-independent manner [8] . Consistent with these observations, recent unpublished data from our laboratory suggest that stretch-stimulated Akt phosphorylation can be inhibited by pharmacologic blockade of the PDGFR. Therefore signaling through the PDGFR axis is likely to be physiologically relevant in bladder smooth muscle.
Targeting Kinase Signaling for Therapeutic Gain
The ability of receptor tyrosine kinases (RTK) to function as potent oncoproteins has led to several attempts to target these proteins therapeutically. RTK-targeted drugs in current clinical use for treatment of cancer include the humanized anti-erbB2 antibody, Herceptin (trastuzu- mab), the EGFR tyrosine kinase inhibitor Iressa (gefitinib) and Gleevec (imatinib mesylate) [9] . The original goal in developing Gleevec was to inhibit the PDGFR kinase. However, the drug was found to target multiple kinases, including the fusion protein Bcr-Abl and the RTK c-Kit such that Gleevec can be used to treat different types of cancer that are characterized by deranged activity of a specifi c kinase, e.g. gastrointestinal stromal tumors (c-kit activation) and chronic myelogenous leukaemia (Abl hyperactivity). The development of Herceptin, Iressa and Gleevec grew out of extensive knowledge about the signaling networks underlying tumor cell survival and proliferation, and the identifi cation of specifi c molecular targets. Recent studies suggest a role for such agents in nonmalignant conditions with aberrant tissue growth. In support of this, Gleevec was found to attenuate spontaneous action potentials and contractions of smooth muscle strips from guinea pig detrusor [10] . Collectively, these observations suggest a potential role for kinase inhibitors for treatment of aberrant growth and contractility of bladder muscle.
Signals That Regulate Smooth Muscle Contractility
Alterations in bladder smooth muscle compliance and contractility underlie various disorders of the lower urinary tract. Smooth muscle contraction is activated by Ca 2+ -calmodulin-mediated activation of myosin light chain (MLC) kinase and subsequent phosphorylation of MLC to elicit contraction. The process is initiated by an increase in intracellular Ca 2+ resulting from adrenergic receptor-stimulated release of Ca 2+ from intracellular stores. Recent studies, however, have identifi ed the small GTPase Rho and its effector Rho-associated kinase (ROCK) as mediators of smooth muscle contractility that act independently of changes in Ca 2+ [11] . ROCK phosphorylates and inactivates the myosin light chain phosphatase (MLCP) preventing dephosphorylation of MLC and promoting sustained smooth muscle contraction [11] . Activation of the Rho-ROCK axis has been demonstrated in models of bladder hypertrophy and in isolated bladder muscle strips [12, 13] . In addition, Rho has been proposed to regulate the differentiation status of SMC through its effects on actin polymerization and the transcription factor serum response factor (SRF) [14] . Although SRF is expressed ubiquitously, it regulates smooth muscle-specifi c gene expression as part of a complex with myocardin by binding to so-called CArG elements in the promoters of SM-restricted genes e.g. SM-myosin heavy chain (SM-MHC), ␣ -SM-actin and SM22 ␣ [15] . Changes in cell shape that impinge on the cytoskeleton can therefore directly affect the differentiation status of SMC through actin-mediated effects on SRF-induced SM-specifi c gene expression.
Because of its central role in regulating smooth muscle contraction, ROCK represents a potential molecular target for lower urinary tract dysfunction resulting from bladder smooth muscle hypercontractility. The pyridine derivative Y-27632 was identifi ed as a potent relaxant for vascular smooth muscle, that acts by inhibiting Ca 2+ sensitization [16] . Several recent studies have demonstrated the ability of Y-27632 to inhibit agonist-induced contraction of bladder smooth muscle [12, 13] . Moreover, Rees et al. [17] also demonstrated a direct inhibitory effect of Y-27632 on proliferation of prostate SMC, suggesting that Y-27632 can target both aberrant smooth muscle contraction and growth.
A dual mode of action has also been demonstrated for doxazosin, an ␣ 1 -selective adrenergic receptor blocker widely used to treat overactive bladder. Doxazosin was found to inhibit proliferation of human bladder SMC in culture [18] . Based on data obtained on other cell types, the anti-proliferative activity of doxazosin is believed to be independent of its anti-adrenergic effects since growth inhibition has been observed in cells lacking expression of adrenoceptors [19] .
Calcium Effects on Bladder Smooth Muscle
Several recent reports have implicated changes in intracellular calcium in the activation of discrete signaling pathways in bladder SMC. Stretch-stimulated JNK activation in bladder SMC was attenuated in the presence of gadolinium chloride, an inhibitor of stretch-activated ion channels, but not by nifedipine or verapamil that target voltage-dependent Ca 2+ channels [20] . JNK activation was also suppressed by W-7 and cyclosporin A, inhibitors of calmodulin and calcineurin, respectively [20] . Calcineurin is a calcium-dependent phosphatase that acts by dephosphorylating members of the NFAT transcription factor family. In the heart, hypophosphorylated NFAT translocates to the nucleus where it promotes activation of a hypertrophic gene expression program. Consistent with a pro-hypertrophic role for calcineurin, Nozaki et al. catalytic subunit in bladder SMC increased cell size, with this hypertrophic effect reversed by the immunosuppressive drug, FK506 [21] .
Nitric Oxide in Bladder Smooth Muscle
Bladder outlet obstruction also alters expression and activity of nitric oxide synthase (NOS) isoforms in the bladder. NOS converts L -arginine to nitric oxide (NO) which has multiple physiologic effects. These include vasodilatation and smooth muscle relaxation that result from NO-mediated activation of soluble guanylate cyclase and increased cyclic GMP (cGMP) levels [ reviewed in ref. 22 ] . Bladder SMC have been shown to express inducible NOS (iNOS) and to release NO following stimulation with proinfl ammatory cytokines [23] . Exposure of bladder SMC to NO in culture was found to decrease both DNA and protein synthesis [24] suggesting a role for modulation of NOS activity in bladder remodeling. Interestingly, iNOS expression in bladder SMC correlates with loss of differentiation markers such as SM-MHC [14] .
Felsen et al. [25] showed that genetic deletion or pharmacologic inhibition of iNOS diminished obstructioninduced growth of the bladder and attenuated spontaneous detrusor contractions in a murine model of partial bladder outlet obstruction. These fi ndings suggest that actions of NO may underlie certain aspects of pathologic bladder function following obstruction. The effects of NO on bladder muscle appear to be regional in that NO-induced relaxation of the urethra and bladder outlet has been reported, whereas the effect of NO on detrusor contraction or relaxation remains equivocal. Together, these observations suggest that targeting NO activity may have therapeutic value for ameliorating bladder dysfunction.
Bladder Smooth Muscle-ECM Interactions
Chronic overdistension of the bladder, as occurs under conditions of outlet obstruction, leads to a fi broproliferative response within the bladder wall, characterized by proliferation of bladder SMC and other cell types, turnover of the ECM and loss of differentiated muscle function. A recent study by Upadhyay et al. [26] demonstrated time-dependent changes in expression of integrins and the ECM constituents type I and type III collagen in the whole rat bladder following distension in vivo and in rat bladder SMC exposed to cyclic stretch-relaxation in vitro. In that study, blockade of integrin function with RGD peptides inhibited stretch-stimulated DNA synthesis in bladder SMC, implicating integrins in regulation of SMC proliferation elicited by mechanical stimulation. In a related study, denaturation of the collagen substrate for bladder SMC cultured in vitro was found to upregulate proliferation compared to the native collagen control [27] . Heat denaturation is believed to mimic the collagen turnover that occurs during ECM remodeling. In that report, induction of SMC proliferation in response to denatured collagen was almost completely inhibited in the presence of PD98059, a pharmacologic inhibitor of Erk-MAPK signaling. Collectively, these and other studies highlight the role of the ECM as an active participant in regulating the response of bladder SMC to mechanical stimuli, and not merely an inert support structure. In addition, they suggest that pathologic tissue remodeling within the bladder wall could be mitigated by targeting matrix turnover and integrin-mediated signaling [28] [29] [30] .
Cholesterol Signaling Regulates Urinary Tract Smooth Muscle
Several recent reports have indicated a role for lipid raft microdomains in regulating growth factor signaling in bladder smooth muscle [7, 31, 32] . Lipid rafts are specialized membrane domains that are enriched in specifi c lipid components such as cholesterol and sphingolipids, and that are either fl at (so-called G domains) or that adopt an invaginated morphology resulting from oligomerization of constituent caveolin proteins (caveolae). These organelles are believed to function as signaling platforms in which interactions between receptor proteins, adapter and effector molecules are facilitated to regulate signal generation, amplifi cation and diversifi cation [33] . Stehr et al. [7] showed that ablation of rafts by depletion of cholesterol inhibited PDGF-stimulated DNA synthesis in urinary tract SMC. Moreover, increasing membrane cholesterol was found to boost basal and PDGF-stimulated DNA synthesis in human bladder SMC [7] , whereas treatment with the cholesterol synthesis inhibitor lovastatin attenuated PDGF-stimulated thymidine uptake. TGF ␤ 1 signaling, in contrast, was negatively regulated by caveolae in bladder SMC [32] . Ablation of caveolae by depletion of membrane cholesterol enhanced the growth inhibitory activity of TGF ␤ 1 in bladder and ureteral SMC.
Consistent with these fi ndings, Woodman et al. [31] observed that mice in which the gene encoding caveolin-1 had been knocked out lacked caveolae and displayed hy- pertrophy and diminished contractility of bladder smooth muscle compared to controls. Thus, lipid raft microdomains appear to be important in regulating growth of bladder smooth muscle.
As noted earlier, the Rho-ROCK axis is known to regulate smooth muscle contraction and tone. Rho family members are pos-translationally modifi ed by isoprenylation, i.e. attachment of geranylgeranylpyrophosphate, a lipid intermediate in cholesterol synthesis [34] . This modifi cation leads to plasma membrane targeting and activation of Rho GTPase activity, and can be inhibited by statin drugs [35] . Although the effects of cholesterol manipulation on the lower urinary tract have not been reported, statin-mediated inhibition of Rho isoprenylation has been shown to attenuate proliferation and enhance apoptosis of vascular SMC [35] . Collectively, these observations suggest the intriguing possibility that statinmediated manipulation of cholesterol levels may have therapeutic benefi t in conditions characterized by aberrant growth or impaired contractility of bladder smooth muscle.
Summary and Conclusions
Recent advances in our understanding of the signals that regulate growth and contractility of bladder smooth muscle have begun to identify potential therapeutic targets for the treatment of bladder diseases characterized by aberrant growth and/or contraction of smooth muscle. In the postgenomic era, researchers have access to a wealth of data on protein structure, drug specifi city and pharmacokinetic properties, and potential off-target effects. Consequently, this information can be leveraged to design agents with exquisite selectivity for one or more target proteins, thereby minimizing unwanted side effects. The success of agents such as Gleevec and Herceptin suggests that this strategy will bear fruit for treatment of bladder dysfunction.
